ABSTRACT: Nematodes living on an intertidal mudflat of the Marennes-Oleron Bay (France) were assayed for 6I3C and 6IsN ratios together with their potential food resources between July 1992 and May 1993. Results suggest that nematodes do not exploit all the components of the sedlrnented organic matter (SOM) pool at the same rate. Furthermore, based on coefficients of average trophic enrichment found in the literature for both C and N, the enrichment of nematodes in 13c and their depletion in I5N relative to SOM suggest that microphytobenthos constitutes their main food source in this particular environment.
ences in the absorption and the actual assimilation of these 2 food sources (Montagna 1984) .
The use of natural stable isotope analysis may overcome these difficulties, because it provides insights on the sources of organic matter that are actually assimilated over a long period of time. This approach is based on the close relationship between the stable isotope composition of a consumer and its food (Fry & Sherr 1984) . However, determination of food sources using solely carbon isotope composition is often equivocal (Haines & Montague 1979 , Currin et al. 1995 ) and a dual isotope approach, for example carbon and nitrogen, may be easier to interpret (Fry 1988 ). Despite ~t s potential, the application of the stable isotope technique to meiofauna In coastal environments has been restricted to a few studies (Schwinghamer et al. 1983 , Couch 1989 . Such a restriction mainly resulted from methodological constraints (i.e. the need for large amounts of living and debris-free organisms for isotope analysis).
Within many coastal environments where detritus from the C4 angiosperm Spartina is a large contributor to the sediment organic matter (SOM) pool, the importance of microphytobenthos as a food source for meiofauna could not be clearly established by stable isotope analysis, because carbon and nitrogen isotopic compositions of benthic diatoms and detritus-inhabiting bacteria largely overlap (Schwinghamer et al. 1983 , Couch 1989 . In contrast to the eastern coast of the United States, where Spartina marshes dominate, the mudflats in the Marennes-Oleron Bay, France, are entirely bare and almost completely free of C4 plants (Riera 1995) , and the main primary producer is the microphytobenthos (Cariou-Le Gall & Blanchard 1995) . The interpretation of isotopic data for the purpose of determining the origin of the organic matter sustaining the benthic food web may thus be easier in this particular 
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Limit of the intertidal mud flats environment. The aim of the present study was to assess the main food sources of benthic nematodes on the intertidal mudflats of the Marennes-Oleron Ray by comparing their stable isotope composition (FI3C and F15N) with that of their potential food resources at different periods of the year. Material and methods. The Marennes-Oleon Bay: The estuarine bay of Marennes-Oleron is located on the central Atlantic coast of France (Fig. 1) . It is protected by 2 large islands: the Ile d e Re to the north and the Ile d'Oleron to the west. A complete description of the bay has been provided elsewhere (Riera & Richard 1996) . It is shallow (average depth of 4 m), with strong currents (sometimes > l m S-'), and a 6 m tidal range. All these characteristics generate well-mixed and highly turbid waters. Intertidal mudflats account for more than half of the total surface area of the bay at spring low tides. These flats are characterized by a high biomass of microphytobenthos (up to 109 m g chl a m-' within the first cm. P. Ripra unpuhl.). Nematodes represent the dominant meiofaunal group (85% in number of individuals), followed by harpacticoid copepods (14";;,) and a few ostracods . Charente River inflow carries inputs of detrital organic matter and nutrients that support the main part of the phytoplanktonic production within the Bay. Phytoplankton production, however, is limited by the high turbidity (Ravail-Legrand 1993) . Macroalgae are present only as small patches associated with rocky reefs representing less than 0.05 km2 over the 200 km2 of the whole bay (Callens 1994) . At the sampling site ('Les Palles'), 3 genera are present (Fucus, Enteromorpha and Ulva), but Fucus constitutes almost all of the macroalgal biomass.
Sample collection and preparation: All samples were collected on a n intertidal mudflat located just south of the mouth of the Charente River (Fig. 1) . Samples were collected seasonally from July 1992 to May 1993 (i.e. twice in summer, autumn and winter, and once in spring) to assess temporal changes of the isotopic compositions.
Water samples (20 1) were collected at high tide ( 5 1 h) by pumping from a depth of about 50 cm below the water surface. Particulate organic matter (POM) for isotope analyses was obtained within 2 h after collection by filtration on precombusted Whatman GF/F glass fiber filters. The membranes were then acidified (1 M HC1) to remove carbonates, quickly rinsed with Milli-Q water, freeze-dried and kept frozen (-80°C) until analysis.
Sediment samples were taken at low tide by scraping the upper 1 cm of mud and were takcn to the laboratory within 1 h. Samples were then homogenized with a spatula. A subsample of approximately 5 g was used for the analysis of sediment organlc matter (SOM). It was freeze-dned, and ground using a mortar and pestle. Then, 200 m g was acidified with 1 M HCl to remove inorganic carbon. In order to prevent any loss of dissolved organics, these samples were not rinsed. They were dried overnight at 50°C under a fume extractor to evaporate the acid. Once dried, the sediment was mixed with Milli-Q water, freeze-dried, ground again to a fine powder and kept frozen (-80°C) until analysis. 6' 'C 6 "~ Nematodes -1 6 . 4 r 0 . 8 8 . 9 + 1 . 0 (7) (31 -19 .3 r 0.9 6.6 + 0.2
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Enteromorpha sp. -16.5 * 0.4 9.2 + 0.0 The rest of the sediment was used to isolate nematodes and benthic diatoms. Nematodes were extracted from 2 1 of surficial sediment, using a method based on their downward migration under permanent light (Couch 1988) . Although this method does not extract all nematodes, it is more satisfactory for stable isotope analysis than single density centrifugation using either sucrose or silica gel (Heip et al. 1974 , d e Jonge & Bouwman 1977) because it does not add any interfering chemicals. After extraction, the nematodes were starved (12 h in 0.2 pm filtered seawater) to clear gut contents, and rinsed before being manually cleaned of any remainin.g contanlinants under the microscope. The method used to extract benthic diatoms was slightly modified from Couch (1989) . The sediment was spread on flat trays to form a 1 cm thick layer and held under light. On the next day, when dense brown patches of benthic diatoms were visible, a nylon scl-een (63 pm mesh) was laid upon the sediment surface and covered with a 5 mm thick layer of combusted silica powder (60 to 210 pm, Fluka Chemicals). The trays were illuminated 1 to 3 h more, the silica powder being kept moist by a slight spraying of filtered (0.2 pm) seawater sampled at low tide from neighbouring tidal pools. The silica powder, into which the motile microalgae had migrated, was then gently scraped and sieved on a 63 pm mesh to separate the diatoms from the largest part of the silica powder and from any nematodes or copepods present. All nematode and diatom samples were finally collected on previously combusted glass fiber filters, washed with 1 M HCl, briefly rinsed with Milli-Q water, freeze-dried and kept frozen (-80°C) until analysis.
Macroalgae were sampled at the rocky station of 'Les Palles' (Fig. 1 ). They were harvested manually, cleaned of their epibionts, washed with 1 M HC1 to remove carbonates, rinsed with Milli-Q water and homogenized using a Polytron homogenizer. They were then freeze-dried, ground to a powder using a mortar and pestle and kept frozen (-80°C) until analysis.
Stable isotope analysis: Samples for isotope analyses were prepared as in Boutton (1991) . Before the purification of CO2, NZ was trapped on silica gel granules in a stopcock sample ampule and analyzed immediately after CO2 collection (Mariotti 1982) . The carbon and nitrogen isotope ratios were measured using a Sigma 200 (CJS Sciences, Winsford, England) double inlet, triple collector isotope ratio mass spectrometer. Data a r e expressed in the standard S unit notation where
-l ] X 103, with R = I3C/l2C for carbon and '%/l% for nitrogen, and reported relative to the Pee Dee Belemnite standard (PDB) for carbon and to air N, for nitrogen. The typical precision of the overall procedure (i.e. preparation plus analysis) was * 0.1 %Oo for carbon and -t 0.2 %o for nitrogen.
Results. The average 613C of microphytobenthos ranged from -16.9 (spring 1993) to -15.6%0 (autumn 1992, winter 1993) (Table 1 ). There were no significant differences for FI3C of microphytobenthos among sampling periods (Kruskall-Wallis ANOVA, p > 0.1). The corresponding 6I5N values were between 4.6 (winter 1993) and 6.6%" (summer 1992). The carbon data are very similar to existing values concerning benthic diatoms inhabiting salt marsh muddy sediment5 (Schwinghamer et al. 1983 , Currin et al. 1995 . Data concerning microalgal 6I5N are much scarcer in the literature. The results obtained in the present study are reasonably close to the 5.8OXo measured by Creach (1995) on the intertidal mudflat of the French Channel but higher than the 3.9%0 reported by Couch (1989) for the salt marshes of the southeastern coast of the United States.
The average 6I3C of the 3 genera of macroalgae ranged from -18.9 (Fucus, spring 1993) to -9.8%0 (Ulva, autumn 1992). The 613C of the 3 macroalgae was not significantly different among the harvesting periods (Kruskal-Wallis ANOVA, p > 0.4 for Ulva and Enteromorpha and p > 0.1 for Fucus), but Ulva carbon isotopic composition was much more enriched (from -10.4 %O in summer 1992 to -9.8%0 in autumn 1992) than that of the other macroalgae. Corresponding 615N was between 7.6 (Fucus, spring 1993) and 12.0%0 (Enteromorpha, autumn 1992) . That large range in 613C values compared to the narrow range in 6I5N values is commonly found in the literature (see Currin et al. 1995) .
The average 6I3C of suspended POM near the mouth of the Charente Estuary ranged from -23.1 (autumn 1992) to -22.5%0 (spring 1993) and its 615N was between 6.1 (winter 1993) and 6.5%0 (summer 1992).
The average carbon isotopic composition of SOM (i.e. including benthic diatoms) ranged from -20.7 (spring 1993) to -18.7%0 (winter 1993) and was not significantly different among the sampling periods (Kruskal-Wallis ANOVA, p > 0.3). The corresponding 615N values, from 6.3 (winter 1992) to 6.6%0 (summer 1993) , are similar to results reported for other coastal surficial sediments (Couch 1989 , Currin et al. 1995 .
Average carbon isotopic ratios of nematodes ranged from 1 6 . 4 (summer 1992) to -15.3%0 (spring 1993) for the total sampling period (mean value -15.9%0). They were not significantly different among the periods of harvest (Kruskall-Wallis ANOVA, p > 0.25). Corresponding 6I5N values ranged from 8.9 (summer 1992) to 9.3%0 (autumn 1992), with a mean value of 9.1 %o, higher than the 5.3Ym reported by Couch (1989) . 615N values were not significantly different among the sampling dates either (Kruskall-Wallis ANOVA, p > 0.25).
Discussion. The composition of the total SOM is highly heterogeneous. It includes both in situ primary producers (i.e. microphytobenthos and macroalgae) and detritus of varied origins. Suspended POM and SOM had very similar FI5N, but 613C was heavier for SOM than for suspended POM. Microphytobenthos is the benthic component of SOM that causes enrichment (relative to POM) without significantly modifying the 615N. Indeed, in the intertidal mudflats of the Marennes-Oleron Bay, a large part of the SOM corresponds to terrestrial materials brought by the Charente River (average 613C of -27.5%0 according to Riera & Richard 1996) . Another fraction of SOM comes from the sedimented estuarine phytoplankton, which is also depleted in I3C, with an average value of -23.5% (Riera & Richard 1996) . Therefore, the SOM '?C enrichment relative to suspended POM should come from the other enriched sources: the microphytobenthos and the macroalgae. Fucus biomass is strongly predominant at the sampling site; therefore, a significant contribution of Ulva and Enteromorpha to the SOM pool is unlikely. If Fucus was the main contributor to the 613C enrichment of the SOM pool, then 615N should have been higher than the values measured. Thus, in the present study, benthic diatoms appear to be the main cause of the 613C enrichment. However, some contribution of Fucus is likely to explain the balance in the 615N since the microphytobenthos is 15N depleted relative to SOM. Our isotopic measurements provide evidence of the importance of benthic diatoms in the total organic matter pool of the sediments on the intertidal mudflats in the Marennes-Oleron Bay, and we can therefore infer that the actual 613C value of the detrital part of the SOM must be much more negative than the mean measured value (around -19%0) for total SOM. It should, however, be stressed that this conclusion (as well as the remaining portions of the discussion) is based on the hypothesis that the isotopic ratios of macroalgal detritus are close to those of the corresponding living algae. The change in the isotopic composition sometimes observed during the degradation of some plants, such as Spartina (Currin et al. 1995) , is generally ascribed to their high content of lignin, which is very 13C-depleted (Benner et al. 1987 ) and which affects nitrogen availability (Benner et al. 1984) . However, from the results reported by Spies et al. (1989) for Macrocystis pyrifera and by Stephenson et al. (1986) for Laminaria Iongicruris it is likely that the carbon isotopic ratios of living and detrital macroalgae are not significantly different because macroalgae generally lack a refractory component (R. Benner pers. comm.). There have been no studies assessing changes in 615N of degrading macroalgal detritus.
For each sampling date there is a large difference between nematodes and SOM 613C (Flg. 2). These differences range between 2.5 (winter 1993) and 5.4% (spring 1993). They are much too large to be explained only by the metabolic enrichment in 13C, which is close to 1%0 and occurs during the assimilation of food (DeNiro & Epstein 1978 , Rau et al. 1983 ). This enrichment indicates that nematodes preferentially utilize one or several specific (and 13C-enriched) components of the SOM pool.
There are at least 2 main difficulties in the interpretation of stable isotope data in terms of trophic transfers. The first one is caused by possible overlap of the isotopic values of different potential food sources. This drawback gen originates from POM). This is rather unlikely because macroalgal detritus contains relatively high ing the nitrogen isotopic conlposition towards higher values than the theoretical ones. is especially important for ISN in estuarine environments Our overall conclusion is that nematodes living on (Fry & Sherr 1984 , Couch 1989 . However, in the present the intertidal mudflat of the Marennes-Oleron Bay study, it appears that the coupling of 613C and 615N valderive most of their feeding requirements from microues results in a clear bidimensional separation of the difphytobenthos. ferent potential food sources (Fig. 3) .
This result, which reflects assimilation, is in good The second difficulty lies in the fact that the isotopic agreement with previous data assessing the ingestion composition of consumers can either reflect the of microphytobenthos (mostly diatoms) by epibenthic exploitation of a single food source or the balance between the utilization of several sources. The mean isotopic composition of I J nematode diet can be estimated from the isotopic composition of the nematodes them-1-3 -selves, taking into account the enrichment I ? -occurring during assimilation of food (Fig. 3) . This expected enrichment, close to l % o for 1978 , Rau et al. 1983 ) and between 3 and 4Ym for nitrogen Rau et al. 1983 , Owens 1987 , is shown by the dashed line of 5 "1 L 0 Fig. 3 startlng from the average C and N isotopic values of nematodes recorded for all the dates of harvest (because there was no significant effect of the dates of harvest on either of these data). According to this procedure, the expected 613C and 61sN of the preferentially exploited food resource would be -16.9 and 5.6%, respectively. These values are very 4 , , . , , 1 , , , , , 1 , , , , , 1 , , , , , similar to the isotopic ratios of microphyto- carbon and nitrogen nematodes (Montagna 1984 and Montagna et al. 1995 for the intertidal mudflat considered in this study). On the other hand, Couch (1989) , uslng stable isotope analysis, suggested that, on the southeast coast of the United States, detntus derived from Spartina alterniflora may be predominant in the diet of meiofauna relative to benthic diatoms when seasonal conditions allow for an accunlulation of detntal Spartina and for the development of the associated microbial biomass. Although her data interpretation was complicated by the proximity of the isotopic signatures of several food sources (especially Spartina detntus and diatoms), one of the major conclusions of Couch's study was that microphytobenthos cannot constitute the sole food source of both nematodes and harpacticoid copepods. The absence of phanerogams, and the scarcity of macroalgae in our study area help to pinpoint the importance of rnicrophytobenthos as the main food resource for nematodes in Marennes-Oleron Bay. However, the present study is based on a n average nematode number which probably includes different feeding guilds in accordance with Weiser's classification (1953) . Our results suggest that diatom feeders dominate within the nematode community. Complementary studies may be necessary to measure the proportions of the different feeding guilds and to determine if their temporal variations are consistent with variations of benthic diatom standing stock in this intertidal mudflat. Obviously communities of nematodes living under different ecological conditions will have different feeding habits.
Nematodes generally have much higher turnover rates than macrofauna (Gerlach 1971) and represent one of the main food sources for many predators, such as fish and shrimp (Bell & Coull 1978) . Therefore the results of this study support the hypothesis of the key role of the close trophic link between microphytobenthos and nematodes in the transfer of organic matter towards higher trophic levels in muddy intertidal environments.
